INTRODUCTION
Lysophosphatidylcholine (LPC) is a pro-inflammatory and pro-atherogenic lipid mediator found at elevated levels in the broncho-alveolar lavage fluids (BALF) from lungs with acute and chronic inflammatory injury. For example, increased LPC levels are detected in BALF in allergic asthmatic subjects challenged with antigen 1 and in patients with late stage adult respiratory distress syndrome (ARDS). 2 In the in vivo guinea pig models of acute lung injury (ALI), increased levels of LPC are detected in BALF from lungs challenged with lipopolysaccharide 3 or H2O2. 4 Such pathological increases of LPC can significantly contribute to the inflammatory microenvironment in lungs. Abundant evidence indicates that LPC induces multiple pro-inflammatory activities, including promotion of cell growth, 5 migration, 6, 7 secretion of chemokines and cytokines, 8, 9 genera-http://e-aair.org phospholipase A2 (PLA2), which hydrolyzes native and oxidized phosphatidylcholines at the sn-2 position, generating LPC following release of a free fatty acid. 15, 16 PLA2 is comprised of a superfamily of 15 distinct groups, each with numerous subtypes that varies with tissues. 15, 16 Evidence indicates that pathological lung conditions such as pneumonia, 17 asthma, 1, 18, 19 experimental ALI, 20, 21 can upregulate several PLA2 isotypes in lung tissues, particularly airway epithelium and leukocytes. This suggests that these lung cell populations are likely major contributors to pathological increases in LPC content in the lung lining fluids.
Both acute and chronic lung diseases are associated with prototypic inflammatory mediators such as vascular endothelial growth factor (VEGF). [22] [23] [24] [25] In this study, we investigated the hypothesis that VEGF stimulates bronchial epithelial cells to release major species of LPC. Additionally, we determined the pro-inflammatory potential of extracellular LPC on bronchial epithelial cells themselves.
MATERIALS AND METHODS

Materials
General reagents were obtained as follows: Bronchial Epithelial Cell Medium BulletKit (BEGM) (Lonza, Walkersville, MD, USA); Trizol, Hank's Balanced Salt Solution (HBSS), Protease inhibitor cocktail, phenylmethylsulfonyl fluoride (PMSF), Red/ Green BODIPY ® PC-A2 (Invitrogen Corp., Carlsbad, CA, USA); dimethlysulfoxide (DMSO), porcine pancreas PLA2, lipopolysaccharide (E. coli) (Sigma-Aldrich, Inc.); Oleyloxyethyl phosphorylcholine (Enzo Life Sciences, Farmingdale, NY, USA); RQ1 RNase-free DNase, GoTaq ® Green Master (Promega Corporation, Madison, WI, USA); Coomassie Plus Protein Assay (Pierce, Rockford, IL, USA); High Capacity cDNA Reverse Transcription Kit, SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA); LPC16:0 (1-palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine), LPC18:0 (1-stearoyl-2-hydroxy-sn-glycero-3-phosphocholine), LPC18:1 (1-oleoyl-2-hydroxy-sn-glycero-3-phosphocholine), LPC17:0 (1-heptadecanoyl-2-hydroxy-snglycero-3-phosphocholine), and LPC19:0 (1-nonadecanoyl-2-hydroxy-sn-glycero-3-phosphocholine) (Avanti Polar Lipids Inc., Alabaster, AL); human vascular endothelial growth factor (VEGF), tumor necrosis factor (TNF) (Fisher BioServices, Pittsburgh, PA, USA).
Methods
Cell culture
Normal human bronchial epithelial cells (NHBE) (Lonza Walkersville, Inc., Walkersville, MD, USA) were obtained as second passage cells, with each batch derived from 3-5 donors. The NHBE were subcultured with BEGM according to manufacturer's instructions and used at population passage between 6 and 9. Two batches were used for the entire study, and spot checks of the cells' responses were made to evaluate for differences.
Treatment protocol
Human VEGF was dissolved in the sterile PBS to make a 5 µg/ mL working stock solution, which was aliquotted and stored at -80°C. The NHBE, grown in 6-well culture dishes to confluence, were first equilibrated with HBSS for 1 hour, then treated with the appropriate final concentration of VEGF. At selected timepoints, the condition medium was collected, centrifuged to remove cells, and stored in -80°C for subsequent analyses. The remaining cells were harvested by scraping and similarly stored for analyses. In a parallel set of studies, NHBE were treated with TNF, and similarly collected for analyses.
Purified LPC16:0 in chloroform was vacuum-dried, and was resuspended in 100% ethanol. The solution was re-evaporated and suspended in sterile HBSS (no albumin) to produce a working stock solution of 1 mM, which was stored at 4°C. For study, the LPC stock solution was diluted to the needed final concentration in HBSS, and added to confluent cultures of NHBE as described.
Quantification of lysophosphatidylcholine species
Glassware instead of plastic was used throughout sample handling to minimize analyte loss due to adsorption. Aliquots (0.5 mL) of collected samples were prepared for analysis by high performance liquid chromatography-tandem mass spectrometry (LC-MS-MS). The samples were spiked with LPC19:0 (140 ng/ mL) as an internal standard and extracted twice using liquid/liquid extraction (chloroform/methanol, 2:1, v/v). The mixture was vortex-mixed for 5 minutes followed by centrifugation (5 minutes at 1,500×g, 4°C), the organic layer was removed and saved, and the aqueous layer was extracted again. The organic layers were combined, evaporated to dryness under a stream of nitrogen, and the residue was reconstituted in 100 μL of methanol, of which 10 μL was injected into the LC-MS-MS system for analysis.
LC-MS-MS analysis was carried out using a Thermo (San Jose, CA, USA) TSQ Quantum triple quadrupole mass spectrometer equipped with a Waters (Milford, MA, USA) 2695 HPLC system and a Waters XTerra C18 column (2.1×100 mm, 3.5 μm). The solvent system consisted of a 15 mL linear gradient from 70%-100% methanol (containing 0.1% formic acid). The column was re-equilibrated with at least 10 column volumes between injections. LPCs were measured using positive electrospray mass spectrometry with collision-induced dissociation (CID) and selected reaction monitoring (SRM). The electrospray capillary temperature was 320°C, the spray voltage was 3,400 V, the tube lens offset was 100 V, and the sheath gas and auxiliary gas pressures were 39 psi and 20 psi, respectively. Argon at 1.5 Torr and 22 eV was used as the collision gas for CID. The SRM transitions for LPC16:0, 18:0, 18:1, and 19:0 were m/z 496 to m/z 184, m/z 524 to m/z 184, m/z 522 to m/z 184, and m/z 538 to m/z 184, respectively, and the dwell time was 0.2 sec/ion. The limit of detection of LPC was 10 pg (1 ng/mL; 10 µL injection) on-column based on a signal-to-noise ratio of 3. The limit of quantitation http://e-aair.org was 25 pg (2.5 ng/mL; 10 µL injection) based on a signal-to-noise ratio of 10. The standard curves for LPCs in the condition medium samples over the concentration range of 2.5-500 ng/mL were linear with a coefficient of determination (R 2 ) >0.995. This assay showed excellent extraction efficiency, selectivity, sensitivity, precision, and accuracy.
RT-PCR
Total RNA from collected NHBE was isolated using Trizol according to manufacturer's instructions and was quantified by absorbance at 260 nm using the NanoDrop DNA/RNA/protein spectrophotometer (Thermo Fisher Scientific). One µg RNA was treated with RQ1 RNase-free DNase prior to reverse transcription reaction for cDNA synthesis using the high capacity cDNA Archive Kit (Applied Biosystems, Foster City, CA, USA). Primers were designed to recognize human target genes and internal control genes by using Integrated DNA Technologies as follows:
NM_002046): forward 5' ATGGCAAATTCCATGGCACC-GT 3' , reverse 5' GCTCCTGGAAGATGGTGAT 3' . For regular RT-PCR, the cDNA was amplified by using GoTaq ® Green Master at the following step-wise conditions: 94°C×3 minutes; 35 cycles at 94°C×45 seconds; 60°C×45 seconds; 72°C×1 minute; then 72°C×15 minutes. PCR products were run in 1.5% agarose gel and visualized by staining with ethidium bromide and UV transillumination. For quantitative (q)RT-PCR, the cDNA was amplified with SYBR ® Green PCR master mix kit using the BIORAD MyiQ single color real-time PCR detection system (Hercules, CA, USA ) in a 96-well format. The amplification conditions were as follows: 50°C×2 minutes; 95°C×10 minutes; and 40 cycles at 95°C×15 seconds, 60°C×1 minute. Control reactions lacking template were run for each gene, and all samples were assayed in triplicate reactions.
Phospholipase A2 activity
The condition medium from the experimental groups was measured for PLA2 activity using a microplate assay based on the phosphatidylcholine substrate analog Red/Green BODIPY ® PC-A2, which produces a fluorescent product after PLA2 cleavage. For the reaction, Red/Green BODIPY ® PC-A2 was added to 100 µL of condition medium at a final concentration of 1.7 µg/ mL, and fluorescence measured at 515 nm at 10 minutes intervals for 2 hours in the plate reader (SpectraMax M5, Molecular Devices). An initial stock solution of 1 mg/mL of Red/Green BODIPY ® PC-A2 was made with DMSO, which was used for preparing the working solution with 50 mM Tris, 100 mM NaCl, 1 mM CaCl2, pH 7.4.
Interleukin-8 protein quantification
The condition medium from the experimental groups was measured for IL-8 using an enzyme-linked immunoabsorbent assay (ELISA) kit (BioLegend, San Diego, CA, USA). IL-8 detection was based on a biotin-avidin-horseradish peroxidase sandwich technique in a 96-well plate which was coated with human IL-8 monoclonal antibody. Absorbance was read at 450 nm in the plate reader (SpectraMax M5, Molecular Devices).
Transepithelial electrical resistance
Real-time measurement of transepithelial electrical resistance was measured using an electrical cell-substrate impedencesensing (ECIS) system (Applied Biophysics in Troy, New York, USA) as previously reported by us. 26, 27 For study, NHBE were grown to confluence in fibronectin-coated 500 µL wells, each housing a gold-plated electrode in a 8-well ECIS array format. On the day of experiment, NHBE were washed in HBSS (absence of albumin), and equilibrated in HBSS within the ECIS incubator for 1 hour prior to stimulation by LPC, and data points were collected for up to 12 hours.
Statistical analysis
Statistical analysis was performed with GraphPad InStat (Version 3.10, 2009) by using student's Newman Keuls and Oneway ANOVA with post test for multiple comparisons and the paired t-test (two-tailed) for pair comparison. A value of P<0.05 was considered significant whereas a value of P<0.01 was considered as highly significant.
RESULTS
Lysophosphatidylcholine release by normal human bronchial epithelial cells
We determined the effects of VEGF stimulation of NHBE on the release of LPC16:0, LPC18:0, and LPC18:1, three major LPC http://e-aair.org species known to be biologically most active. A representative chromatograph shows the detected changes in the LPC profile from condition medium collected from VEGF-stimulated NHBE (Fig. 1) . We observed that NHBE released basal amounts of LPC16:0, LPC18:0, and LPC18:1 to the medium, ranging from 2-14 ng/mL ( Fig. 2A) . Within 1 hour of stimulation by VEGF (10 nM), all three LPCs were significantly increased above basal levels, after which LPC16:0 and LPC18:1 further increased at 6 hours ( Fig. 2A) . At 6 hours of VEGF stimulation, the extracellular LPCs released were 2-3-fold above basal levels. The NHBE were also collected for measurement of cell-associated LPC.
Results indicated that the cell-associated LPC16:0, LPC18:0, and LPC18:1 were not significantly changed after VEGF stimulation for 1 or 6 hours (Fig. 2B) .
In contrast to VEGF, TNF (100 ng/mL) did not stimulate generation of LPC in NHBE (data not shown), suggesting that LPC release was mediator-selective.
Effects of vascular endothelial growth factor on phospholipase A2 activity
To determine whether the VEGF-induced LPC generation was attributed to secreted PLA2, we quantified PLA2 enzyme activity in condition medium from VEGF-treated or untreated NHBE using the phosphatidylcholine substrate analog. A selective inhibitor of sPLA2, oleyloxyethyl phosphorylcholine (OP) was used to inhibit secreted PLA2. Results indicated that VEGF (10 nM) stimulation of NHBE for 1 hour caused a moderate increase in PLA2 activity which was inhibited by OP (20 µM) (Fig.  3) . The findings indicate that i) VEGF stimulation increased PLA2 activity in the condition medium, and ii) OP inhibited VEGF-stimulated PLA2 activity in condition medium. We next determined whether the VEGF-induced increase in http://e-aair.org PLA2 activity in the condition medium was attributed to upregulation of PLA2 mRNA. Guided by reports from the literature, several major human PLA2 subtypes were selected for an initial evaluation of their constitutive expression by regular RT-PCR, specifically, secretory subtypes (sPLA2-IIa, sPLA2-V, sPLA2-X, and sPLA2-XIIa), calcium-dependent cytosolic subtype (cPLA2-IVa), and calcium-independent subtype (iPLA2-VI). The initial results indicated that NHBE expressed constitutive robust levels of four subtypes sPLA2-X, sPLA2-XIIa, cPLA2-IVa, and iPLA2-VI, but barely detectable levels of either sPLA2-IIa or sPLA2-V (Fig. 4A) . We next determined the effects of VEGF stimulation on the four PLA2 subtypes by qRT-PCR analysis of the NHBE stimulated with VEGF (10 nM) for 1 or 6 hours. Results indicated that the mRNA of sPLA2 subtypes, cPLA2-IVa and iPLA2-VI, were not significantly changed from baseline (Fig. 4B) . These results indicate that the VEGF-stimulated LPC production was likely not attributed to increased de novo protein synthesis of these PLA2s.
Effects of secretory phospholipase A2 inhibitor on lysophosphatidylcholine generation
Since our results showed that the sPLA2 inhibitor, OP, abrogated the VEGF-stimulated PLA2 activity, we determined whether OP also inhibits the VEGF-stimulated LPC release. NHBE were pretreated with OP (20 µM for 30 minutes), then stimulated with VEGF (10 nM for 1 hour), and the condition medium collected for LPC determination by LC-MS-MS. The results indicated that OP abrogated the VEGF-stimulated levels of LPC16:0 and LPC18:1, but was not effective for LPC18:0 (Fig. 5) . The findings suggest that the VEGF-induced increase of LPC16:0 and LPC18:1 (but not LPC18:0) was mostly attributed to secreted sPLA2 in the condition medium.
Effects of exogenous lysophosphatidylcholine on inflammatory injury
We observed that VEGF significantly increased the content of LPC16:0, LPC18:0, and LPC18:1 in the condition medium. This suggests that bronchial epithelium not only is a significant contributor to extracellular LPC in lungs, but also the bronchial epithelium itself is exposed to elevated levels of LPC. Therefore, we investigated whether the NHBE were susceptible to LPC's inflammatory activities.
The in vivo concentration of LPC in the lung lining fluids is not known, but our previous work 26, 28 and work reported by others [29] [30] [31] indicate that an LPC concentration range of 10-100 µM is effective on a variety of cell types in inducing inflammatory activity. We tested the effects of LPC16:0 at comparable concentrations in inducing expression of inflammatory molecules and in impairing the bronchial epithelial barrier. For study, NHBE were grown to confluence in 6-well culture dishes, treated with 25 µM LPC, and the condition medium and cells collected for assessment of inflammatory molecules. The results indicated that stimulation with LPC for 5 hours, but not 1 hour, significantly upregulated IL-8 mRNA (Fig. 6A) and protein (Fig.  6B) . QRT-PCR of another pro-inflammatory gene, MMP-1, indicated that stimulation with LPC for 5 hours also increased MMP-1 mRNA (Fig. 7) . The effects of LPC on epithelial barrier 3 . Increased PLA2 activity in condition medium by VEGF. The PLA2 activity in the condition medium from VEGF-stimulated or untreated (control) NHBE was determined using a phosphatidylcholine substrate analog (Red/Green BODIPY PC-A2) (Materials and Methods). Activity was measured at 10 minutes intervals for 120 minutes in the presence or absence of a selective inhibitor of sPLA2, oleyloxyethyl phosphorylcholine (oleyloxyethyl phosphorylcholine; 20 µM); n=2. qRT-PCR analysis of PLA2 mRNA in response to VEGF treatment. NHBE were treated with VEGF (10 nM for 1 or 6 hours), and collected for quantification of sPLA2-X, sPLA2-XIIa, cPLA2-IVa, and iPLA2-VI. Results reported as relative copy number normalized to GAPDH and shown as average±SE; n=2. http://e-aair.org a rapid decrease in resistance (Fig. 8) . At the lower LPC concentration, the decreased resistance returned to near baseline by ~2 hours; whereas at the higher concentration, resistance decreased maximally to ~35% below baseline and did not show reversal for up to 12 hours. Overall, the findings indicate that bronchial epithelial cells were susceptible to the pro-inflammatory effects of LPC.
DISCUSSION
The central finding from this study is that VEGF stimulated a 2-4-fold release of LPC16:0, LPC18:0, and LPC18:1 by bronchial epithelial cells. These LPC species are the most abundant and also appear to be most significant in exerting inflammatory activities when compared with several other LPCs. In one report, LPC16:0, LPC18:0, and LPC18:1 induce neutrophil priming, but 32 Further, LPC16:0 and LPC18:0 are observed to be more potent than LPC18:1 in stimulating eosinophil adhesion. 33 Our results indicate that stimulated bronchial epithelial cells release these bioactive LPCs which can contribute to the promotion of an inflammatory lung microenvironment. The significance of the finding is underscored by reports that the BALF from subjects with asthma and ARDS, as well as experimental animal models with acute and chronic lung injury contain elevated levels of LPC. [1] [2] [3] [4] The findings indicate that the VEGF-stimulated increase in extracellular LPC was most likely attributed to secreted extracellular PLA2 and not intracellular PLA2. Three observations are consistent with this conclusion. First, VEGF did not increase the cell-associated LPC content. We reason that if VEGF stimulated intracellular production of LPC, the cell-associated LPC ought to be increased. Second, VEGF stimulated an increase in PLA2 activity in the condition medium. Third, VEGF did not increase mRNA of any of the PLA2 subtypes, therefore, the increase in extracellular PLA2 activity must be attributed to secreted pre-formed PLA2. Our observation that only VEGF, and not TNF, induced LPC release was surprising since both are recognized mediators frequently found in lungs with acute and chronic injury. This selectivity by mediators in inducing LPC generation will be an important direction for future investigation.
The sPLA2-selective inhibitor, OP, inhibited VEGF-induced sPLA2 activity as well as the generation of LPC16:0 and LPC18:1, but not LPC18:0. This finding provides a causal link between the extracellular LPC and extracellular PLA2, and indicates that sPLA2 is likely a predominant subtype for LPC generation (at least for LPC16:0 and LPC18:1) by NHBE. The finding that OP inhibited ~40% of the VEGF-stimulate PLA2 activity in the condition medium may be related to multiple factors. It appears that the efficacy of the inhibitor is likely dependent on the cell type or tissue. This is in agreement with reports by others who have used OP at a range of 1-100 µM, with varying degrees of inhibition depending on the experimental model. [34] [35] [36] Further, although the reported IC50 data from the manufacturer indicates that OP prefers sPLA2 over cPLA2, the extent of inhibition can vary between subtypes among sPLA2 family members and even between different species of tissue origin (e.g., IC50 for purified porcine pancreatic sPLA2 is 6.2 µM, but for human pancreatic sPLA2 is 13.7 µM). In our optimization studies, OP inhibited purified porcine pancreatic and bee venom sPLA2 with highly distinct kinetics. There are 9 members belonging to the human sPLA2 subgroup, and it is not known which ones are actually secreted by the bronchial epithelium. We suspect that if VEGF stimulated secretion of multiple sPLA2 subtypes, OP may only be partial effective in blocking the PLA2 activity and as well the LPC generation.
Our findings indicate that the airway epithelium can be a source for LPC release to the lung lining fluids. This suggests that in the in vivo lung, the airway epithelium can be exposed to elevated levels of LPC. Therefore, we investigated whether NHBE are susceptible to inflammatory injury mediated by exogenous LPC. LPC is known to activate several transcription factors, including nuclear factor-kappa B (NFκB), which are linked to inflammatory genes. [37] [38] [39] [40] We found that LPC upregulated pro-inflammatory genes, IL-8 and MMP-1, further strengthening our hypothesis that increased extracellular LPC is injurious to the bronchial epithelium.
LPC also decreased the transepithelial resistance, indicating an acute impairment of the epithelial barrier function. Our results are consistent with reports that exogenous LPC increases alveolar and airway epithelium permeability in isolated perfused lungs. 13, 14, 41 The extent of the LPC-induced resistance drop is comparable to that of alcohol (25%-40%) treatment of bronchial epithelial cells, which is associated with redistribution of tight junctional proteins. 42 The upstream signals that regulate the junctional redistribution are not well understood. We have found that the LPC-induced endothelial barrier dysfunction is likely acting through the lysophospholipid receptor, GPR4, 26 which activates protein kinase C and Rho GTPases. 27 The role of GPR4 in the LPC-induced inflammatory activities of the bronchial epithelium will be an important direction for future investigation.
In conclusion, findings from this study provide clear evidence that bronchial epithelial cells (NHBE) released bioactive LPC16:0, LPC18:0, and LPC18:1 in response to VEGF. The increased release of LPCs was likely attributed to increased extracellular PLA2 activity. Moreover, NHBE were susceptible to the inflammatory activity of exogenous LPC, indicative of an autocrine function. Altogether, our study shows that bronchial epithelial cells produce extracellular LPC, which has potential to induce inflammatory injury of airway epithelium.
